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We investigate a hybrid system composed of ultracold Rydberg atoms immersed in an atomic Bose-
Einstein condensate (BEC). The coupling between Rydberg electrons and BEC atoms leads to excitations
of phonons, the exchange of which induces a Yukawa interaction between Rydberg atoms. Because of the
small electron mass, the effective charge associated with this quasiparticle-mediated interaction can be
large. Its range, equal to the BEC healing length, is tunable using Feshbach resonances to adjust the
scattering length between BEC atoms. We find that for small healing lengths, the distortion of the BEC can
“image” the Rydberg electron wave function, while for large healing lengths the induced attractive Yukawa
potentials between Rydberg atoms are strong enough to bind them.
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Impurities in a Bose-Einstein condensate (BEC) have
motivated the investigation of a wide range of phenomena.
For example, a single impurity can probe superfluidity
[1–3], while an ionic impurity can form a mesoscopic
molecular ion [4]. Because of the self-energy induced by
phonons (BEC excitations), a neutral impurity can self-
localize in BECs [5–7], shedding light on polaron physics
[8,9]. Phonon exchange induces an attractive Yukawa
potential between impurities [10,11], leading to the so-
called “co-self-localization” [12] and the formation of bi-
and multipolarons [13]. Recent experiments, where a BEC
atom is excited into a Rydberg state [14], open the door to
explorations of the electron-phonon coupling in ultracold
degenerate gases, a phenomenon reminiscent of the for-
mation of Cooper pairs of repelling electrons in super-
conductivity [15].
In this Letter, we study Rydberg atoms immersed in a

homogeneous BEC [Fig. 1(a)]. Rydberg atoms consist of
an ion core and a highly excited electron with its oscillatory
wave function Ψe extending to large distances of the order
of ∼n2a0 (n is the principle quantum number and a0 the
Bohr radius). In contrast to “traditional" neutral impurities
in a BEC [10–13], the interaction between Rydberg and
BEC atoms is dominated by the electron-atom interaction,
which allows stronger impurity–BEC-atom coupling and
independent control of interaction between BEC atoms
with Feshbach resonances. In addition, the large extent of
Ψe makes it possible to “imprint” the electronic wave
function on BEC density modulations.
As pointed out by Fermi [16], the interaction between the

quasifree electron at x and a ground state atom at r can be
approximated at low scattering energies by a contact
interaction parametrized by an energy-dependent s-wave
scattering length AsðkÞ ¼ −k−1 tan δsðkÞ

Vsðx; rÞ ¼
2πℏ2

me
As(kðrÞ)δð3Þðx − rÞ: ð1Þ

While the s-wave approximation is useful for qualitative
analysis, we include higher-partial wave contributions for
quantitative results [17]. The local wave number kðrÞ is

ℏ2kðrÞ2

2me
¼ −

Ry

ðn − δleÞ
2
þ e2

4πϵ0r
; ð2Þ

where Ry is the Rydberg constant, ϵ0 is the vacuum
permittivity, and e and me are the charge and mass,
respectively, of the electron with angular momentum le
and quantum defect δle

. For low-le states, Eq. (1) gives an
effective interaction between Rydberg and ground state
atoms as

VRðrÞ ≈
2πℏ2As½kðrÞ&

me
jΨeðrÞj2; ð3Þ

FIG. 1 (color online). (a) Sketch: two Rydberg atoms immersed
in a BEC exchange phonons. jΨej2 is represented by the surface
inside each sphere. (b) jΨej2 along with the interaction potential
curve within the s-wave approximation.
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